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The alarming rise of morbidity and mortality caused by influenza pandemics and
epidemics has drawn attention worldwide since the last few decades. This life‐
threatening problem necessitates the development of a safe and effective vaccine to
protect against incoming pandemics. The currently available flu vaccines rely on
inactivated viral particles, M2e‐based vaccine, live attenuated influenza vaccine (LAIV)
and virus like particle (VLP). While inactivated vaccines can only induce systemic
humoral responses, LAIV and VLP vaccines stimulate both humoral and cellular immune
responses. Yet, these vaccines have limited protection against newly emerging viral
strains. These strains, however, can be targeted by universal vaccines consisting of con-
served viral proteins such as M2e and capable of inducing cross‐reactive immune
response. The lack of viral genome in VLP and M2e‐based vaccines addresses safety
concern associated with existing attenuated vaccines. With the emergence of new
recombinant viral strains each year, additional effort towards developing improved uni-
versal vaccine is warranted. Besides various types of vaccines, microRNA and exosome‐
based vaccines have been emerged as new types of influenza vaccines which are asso-
ciated with new and effective properties. Hence, development of a new generation of
vaccines could contribute to better treatment of influenza.
KEYWORDS
adverse effects, immunity, viral vaccines1 | INACTIVATED INFLUENZA VACCINE
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2 of 13 KESHAVARZ ET AL.the two strains of type B. Quadrivalent influenza vaccines were devel-
oped during 2013‐14 influenza season in the United States and con-
tain the same A strains and two strains of influenza B lineages.1
These vaccines have high intrinsic immunogenicity that makes them
effective against pandemic.2,3
International surveillance is performed annually by the World
Health Organization4 to choose appropriate virus strains for inclusion
in seasonal influenza vaccines. These selected strains provide HA and
NA genes for reassortant vaccine viruses, which also possess internal
genes from A/Puerto Rico/8/34 (PR8). PR8 is a strain that confers
high viral yield in embryonated eggs. Formalin or β‐propiolactone is
used to inactivate influenza viruses. Thiomersal or formaldehyde is
used in vaccines as a preservative in order to inhibit bacterial or fungal
growth. Some manufacturers may also use aminoglycoside antibiotics.
Some vaccines contain additives like gelatine to stabilize them in
unfavorable conditions. Residual egg proteins are also present in low
quantities in egg‐derived inactivated vaccines.5,6 Although virus multi-
plication on embryonated chicken eggs remains the most common
method for production of influenza vaccines, it contains several limita-
tions. For instance, securing sufficient qualified eggs for mass vaccine
production of the vaccine is very challenging, especially in context of
influenza outbreak among poultry.7 Furthermore, optimization of
influenza wild type strains for growth in eggs requires recombination
of these strains with high‐yield laboratory strains. Thereupon, muta-
tions in the egg‐adapted reassortant strain can contribute to a mis-
match between the vaccine strain and the circulating strain which
was reported recently.8
Trivalent inactivated vaccination can induce local and systemic
immune responses (Figure 1). Influenza‐specific antibodies including
IgG especially IgG1 (high concentration), IgA, and IgM (low concentra-
tion) are detectable 2 to 6 days post‐vaccination and peak 2 to
3 weeks after vaccination in primed subjects.9-13 Upon vaccination,
antibody production is typically type specific. However, it can be
highly cross‐reactive which results in protection towards earlier and
newer viral strains.14,15
It has been shown that Influenza inactivated vaccines up‐regulate
three activation markers of MHC II (CD40, CD80, and CD86), while
exposure to active virus and subunit (SU) vaccine has a less similarFIGURE 1 Inactive influenza vaccine. Trivalent inactivated vaccines can
virus induced high level production of IFN‐α and inflammatory cytokines s
dependent manner by recognition of viral ssRNA. Signaling of TLR7 in pDC
antibodies especially IgG1 (high concentration), IgA, and IgM (low concentra
SIgA2 are the major antibody response in the oral fluid. Inactivated vaccin
markers of MHC II (CD40, CD80, and CD86); high expression of this mole
antigen presentation process and then high activation of innate and adapteffect on CD86 expression. Studies show that treatment of DCs with
SU vaccines results in similar levels of IL‐6 and TNFα. In contrast, in
influenza attenuated vaccine (AV) and IV‐treated DC cultures, IL‐6
and TNFα levels were clearly increased.16
Live or inactivated influenza virus can induce production of IFN‐α
and inflammatory cytokines from plasmacytoid DC (pDCs) in aToll‐like
receptor (TLR7) and MyD88‐dependent manner by recognition of viral
single‐stranded RNA virus (ssRNA).17 Signaling of TLR7 in pDCs has
an important role in inducing productive antibody response by virion
RNA‐containing split vaccine18 and inactivated whole virus vaccine.19
Conversely, following influenza virus infection in the lungs, cytokine
production did not require TLR7‐signaling in pDCs.20
Similar to live viral vaccines, the live attenuated influenza vaccine
(LAIV) induces the expression of several interferon‐related genes.
Whereas, the TIV vaccine induces a signature composed of genes
highly expressed in plasma B cells. In the case of TIV, there are 44
genes identified to accurately predict the outcome of immunization
as either high or low antibody titres. Of these, the
calcium/calmodulin‐dependent protein kinase IV (CaMKIV) gene
has no known role in regulating immunity, but has a negative
correlation with antibody titres. In agreement with this finding, high
antibody titres were observed in the CAMKIV‐deficient mice after
vaccination.21
There are comprehensive data about safety properties of
inactivated influenza vaccines. Soreness at the vaccination site is a
very common local reaction. These kinds of reactions are self‐limiting
and require no intervention. Systemic reactions such as fever,
headache, myalgia, or any physical unease happen mostly in children
and due to initial exposure to influenza vaccine antigens. These
mild adverse events (AEs) are found within 6 to 12 hours post‐
immunization and last for 1 to 2 days.22 Figure 2 and Table 1 illustrate
various forms of influenza vaccines.2 | LIVE ATTENUATED INFLUENZA VACCINE
Customary live influenza vaccines are usually attenuated by adapting
them to replicate at lower temperatures. These cold adapted virionsinduce innate and adaptive immune responses. Inactivated influenza
uch as IL6, IL1, and TNF‐a from pDCs in a TLR7‐and MyD88‐
s has an important role for inducing productive. Influenza‐specific IgG
tion) produced in primed subjects. SIgA1 with lower concentrations of
ation results in obvious up‐regulation of each of the three activation
cules on antigen presenting cells (ex: DC, MQ) results in increased
ive immune responses.
FIGURE 2 Various forms of influenza vaccine. Application use of the vaccine of the complete influenza virus (LAIV), surface proteins (subunit
vaccine), nucleoproteins (CTL‐based vaccine), viral genomes (DNA vaccine), and inactive viruses (inactivated vaccine) is shown in the figure.
Looking at which distinct types of vaccines, different immunological pathways are induced in innate and adaptive immunity. Finally, the stimulation
of the B lymphocytes and the production of specific antibodies secreting plasma cells.
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influenza A virus. There are additional methods for virus attenuation.
For example, the NS1‐based escape mutants of influenza virus can
be applied to create live‐attenuated influenza viruses by elimination
of NS1 through truncation or deletion of the corresponding gene.23-
25 Another way is modification of viral M1 protein, which can induce
protective humoral and cellular immune responses against homologous
and heterologous influenza viruses in mice.26
Live attenuated vaccination induces both secretory (mucosal
response) and systemic immune responses, which is closely similar to
immune response observed upon natural infection. Previously, in
young children, live AVs were administered by nasal drops27; cur-
rently, this vaccine is administered intranasally. However, immunoge-
nicity between the two approaches is similar. Mucosal response
induced by live attenuated vaccination is characterized by IgA anti-
bodies in nasal secretions, which peak 2 to 11 weeks after vaccination
and slowly decrease by 6 months to 1 year post‐vaccination in
children (Figure 3).28,29
Live attenuated (cold‐adapted) influenza vaccines are likely to
activate TLR3 and ‐7 during viral replication intracellularly leading to
the up‐regulation of inflammatory cytokines, and thus adjuvants are
not needed.30
Studies have shown that influenza virus infection induces the
expression and activation of NLRP3 inflammasome components
(NLRP3, ASC, and Caspase‐1).31 The NLRP3 inflammasome compo-
nents mediate IL‐1β and IL‐18 production in different cell types
in vitro including mice bone marrow dendritic cells (BMDCs) and bone
marrow macrophage (BMMΦ), human macrophage (MΦ), nasal airway
epithelial cells, and monocytic cell line THP‐1.32-35 For this reason, the
NLRP3 inflammasome‐deficient mice did not produce IL‐1β and IL‐18
following the high lethal dose influenza virus infection. Hence, the
reduced protective inflammation including the suppressedaccumulation of neutrophils and monocytes to the lungs and airways
and consequently higher mortality upon influenza virus were observed
in NLRP3‐deficient mice.35
Due to the previously mentioned side effects, it seems that
inactivated influenza vaccines are no longer such safe options for
immunization, and, as a result, researchers are trying to develop alter-
native vaccines such as live AVs and VLPs, which are expected to have
lower adverse effects; however, some studies have reported opposite
results. Higher rate of respiratory AEs and hospitalizations was
observed among children receiving LAIV compared with trivalent
inactivated influenza vaccine recipients.36 A study indicates that
despite of higher rate of AEs like respiratory inflammatory responses
in LAIV vaccinated individuals in comparison with TIV vaccines,
Guillain‐Barre Syndrome and paralysis are significantly more abundant
in TIV recipients.37 Although fever, abdominal pain, and other symp-
toms are reported after LAIV vaccination, it is indicated that overall
various AEs like asthma/wheezing do not increase significantly among
LAIV vaccinated children compared with controls.383 | RECOMBINANT SUBUNIT VACCINES
The use of recombinant SU influenza vaccines can solve the problems
associated with the use of chicken embryos and the urgency to atten-
uate strains of the influenza virus. One of the new methods to the
manufacture of SU influenza vaccines is use of different expression
systems for rapid production of individual viral proteins in preparative
levels. Baculoviral expression systems produced influenza antigens in
insect cells by using baculoviral vectors that transport the genes of
the target antigens. The Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) genome is used in Sf9 cell lines
obtained from Spodoptera frugiperda for production of different
TABLE 1 Advantages and disadvantages of different influenza vaccines
Vaccine Type Advantage Disadvantage
Inactive vaccine a) All age groups (except children under 6 months) with no
contraindications can receive inactivated influenza vaccine
b) Safe in pregnant women
c) Use in immunocompromised patients
a) Soreness at the vaccination site,fever, headache, myalgia,
or any physical unease happen mostly in children
b) Allergy
c) In rare case autoimmune disorders
Live attenuate a) Safe in cystic fibrosis patients
b) No systemic allergic reactions such as urticaria,
angioedema, rhinitis, and eczema
a) Mild to moderate symptoms including runny nose,
sneezing, nasal discomfort, fever and headache
b) Is not recommended to be routinely used in pregnant
women
Recombinant a) High safety profile without involving infectious viruses
b) Rapid, stable
c) Induces humoral and cellular immune responses
a) Low immunogenicity
b) Require appropriate adjuvants
DNA vaccine a) Induce all three arms of adaptive immunity, CTLs,
antibodies, and helper T cells
b) Possible mucosal delivery and thus may stimulate innate
immunity
a) Lower immunogenicity, low level of T‐cell, and B‐cell
memory due to
b) Integration of DNA vaccine genetic material into cellular or
host DNA,
c) Development of autoimmune disorders against host DNA
Universal vaccine M2e:
a) Induces M2e‐specific humoral and cellular immune
responses;
b) Elicits broad cross‐protection against divergent virus
strains
a) Single M2e molecule induces lower immune responses
Epitope‐base:
a) They are considered to be safe, easy to produce, and
stable.
b) Can induce B‐cell and T‐cell in the same formulation
a) The main disadvantage of the epitope‐based vaccine is
that algorithms may fail to predict all the appropriate
epitopes
CTL inducing vaccine a) Target conserved influenza virus proteins and improve
recovery and inhibit disease progression
a) Need to have an epitope that can be recognized by all
major histocompatibility complex (MHC)
RNA vaccine a) Safety
b) Efficacy
c) Higher potency (especially with self‐amplifying RNA
vaccines)
a) Possibility of adverse consequences like thrombus and/or
edema
b) Limited availability in cases of pandemic and endemic
diseases.
FIGURE 3 Live attenuated influenza vaccine. Live attenuated vaccination induces both innate and adaptive immune response. Among all
receptors in the innate immune system, TLRs and NLRs have an important role. Live attenuated influenza vaccines activate TLR3 and 7 leading
to the up‐regulation of inflammatory cytokines. NLRs have a differential role in response to influenza virus infection in order to innate immunity
balance. Expression and activation of NLRP3 inflammasome components (NLRP3, ASC, and Caspase‐1) mediate IL‐1β and IL‐18 production in
different cell types. NLRC2 (or NOD2) recruit MAVS adaptor protein and type I IFN production in DCs and MΦ after recognizes the viral genomic
ssRNA in response to influenza virus. In addition, NLRX1 promotes both MΦ survival as well as type I IFN signaling in mice after binding to viral
protein PB1‐F2. Mucosal response induced by live attenuated vaccination is characterized by IgA antibodies in nasal. Systemic immune response
against live attenuated vaccine characterized by production of IgA and IgM in serum. IgG1 is the major IgG subclass produced by live attenuated
vaccination in the serum.
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recombinant SU vaccine is low immunogenicity; therefore, the need
for repeated vaccination and use of adjuvants are recommended.39,40
As mentioned, use of adjuvants in the composition of SU vaccines
can resolve this problem. The recombinant protein STF2.4 × M2e that
includes flagellin and produced in Escherichia coli cells has protected
mice to a lethal dose of the influenza virus. In another study, safety
and efficacy of a vaccine based on this construct were illustrated in
adult volunteers. Immunization of mice with the recombinant fusion
protein 4 × M2e. HSP70c demonstrates a reduced viral titer in the
lungs, significant decrease in weight loss, and a less pronounced man-
ifestation of the symptoms of the disease after challenge mice groups
with a lethal dose of the influenza A H1N1, H3N2, or H9N2 viruses.41
The most favorable candidate for influenza SU vaccines is M2 pro-
tein (the ion channel‐forming protein). M2 is a highly conserved protein
expressed on the virion's surface. The M2 protein ectodomain (M2e) is
regarded as a candidate for designing broad‐spectrum vaccines. Because
of low immunogenicity, using this type of vaccines needs adjuvants and
repeated vaccination (Figure 4). Molecular adjuvants such as ligands of
several receptors of the innate immunity system can be used in combi-
nation with SU vaccines. One study shows that the recombinant protein
StF2.4 × M2e produced in Escherichia coli cells, which includes flagellin
(the toll‐like receptor 5 (tLr‐5) ligand), causes immunization against a
lethal dose of the influenza virus in mice.424 | VIRUS LIKE PARTICLE (VLP) VACCINE
In recent years, VLP vaccines are under precise study as potential can-
didates for vaccination against influenza. Produced VLPs are devoid of
viral genomes which reflects high safety of these vaccines. Glycopro-
teins of these particles are not exposed to destructive fixatives, and
their membrane‐anchored state imitates the conformation of nativeFIGURE 4 Subunit vaccine. Subunit vaccination induces both innate an
as TLRs and NLRs have an important role in the production of inflamma
receptors TLR7 and NLRP3 are more important from other receptors. P
providing mucosal and systemic immunity to vaccine. Subunit vaccinatio
markers including CD80/86 and MHC II molecules results in high activviral glycoproteins. VLPs can effectively stimulate APCs especially
dendritic cells and also induce both humoral and cellular responses
as well.43-49 These vaccines are able to induce immune responses of
CD4+ T‐cells as well as cytotoxic T‐cells.48,50,51 Headless HA2 protein
expressed on VLPs can induce cross‐reactive antibody response which
is effective against heterologous influenza strains in vivo.52 Immune
responses to NA and M2 antigens of influenza are relatively low which
is due to immune dominancy of HA antigen and higher number of this
antigen on influenza virions. However, by presenting less immuno-
genic viral proteins on separate VLPs, these antigens can avoid the
immune‐dominant effect of HA and thereupon will be more immuno-
genic.53,54 In addition, VLP vaccines can become more effective by
direct incorporation of adjuvant molecules.55-58
Several surveys also have demonstrated a satisfactory safety profile
for VLP vaccines. In a blinded, randomized, placebo‐controlled trial about
safety and immunogenicity of a pandemic influenza A (H1N1) 2009 VLP
vaccine generated by recombinant baculovirus culture in Sf9 cells, partic-
ipants showed only mild local reactions with no vaccine‐related systemic
AEs and the vaccine seemed to be well‐tolerated and safe enough. This
method of VLP production is considered safer than other expression sys-
tems.59 Another clinical trial also has evaluated a VLP vaccine produced
by the same method and side effects were mostly mild. However,
adjuvanted VLP vaccine could raise local and systemic reactions.60 Also,
a phase I clinical trial on previously healthy non‐immune adults exhibited
remarkable safety results for a bacterially produced VLP vaccine (gH1‐
Qbeta). Most of the reported local and systemic AEs were mild in sever-
ity and no serious AEs were occurred.615 | INFLUENZA DNA VACCINE
Although conventional influenza vaccines in preventing seasonal influ-
enza viruses are successful, they have some of the problems includingd adaptive immune response. Innate immune system receptors such
tory cytokines significantly IL6 after subunit vaccination. Among this
roduction of antibodies such as IgA, IgM, and IgG is important in
n can induce both T CD4+ and T CD8+ cells. Expression of APC
ation of these cells and increased antigen presentation by APCs.
6 of 13 KESHAVARZ ET AL.allergic reactions and strain‐specific in some patients. Therefore, the
current influenza vaccines need to be reformulated every year to act
efficient against sudden epidemics and pandemics. The production
process of a conventional influenza vaccine is time‐consuming and
so the need to design newer vaccines is of utmost importance. To
solve the disadvantages of conventional influenza vaccines, DNA
influenza vaccines are a promising approach. These vaccines are able
to induce humoral and cellular immune responses via incorporating a
gene encoding an antigen, in transfected host cells. Actually, DNA
vaccines unlike protein base vaccines can provide anti‐influenza
T‐cell‐mediated protection.62-64
Since DNA vaccine are egg‐free and can be produced more
expeditiously, thus reducing the delay from vaccine production to
clinical use and can be produced rapidly in response to epidemics or
pandemics. One of the concerns about the use of DNA vaccines is
possible risk of integration into the human genome but that
advantages make it pave for human application. Bacterial plasmids,
recombinant viral vectors, and bacterial vectors are existing DNA‐
based antigen delivery platforms which are used for DNA vaccines
manufacturing.65,66
It has been shown that intranasal DNA vaccination induces
potent mucosal and systemic immune responses and cross‐protective
immunity against influenza viruses (Figure 5). New strategies for stim-
ulation of nasal immune response have been reported with PEI/DNA
complexes. Polyethylenimine (PEI), a synthetic polycation, was previ-
ously shown to improve the efficacy of gene delivery both in vitro
and in vivo.67,68
In recent reports, adaptor molecules in TLR signaling pathway
such as MyD88 (myeloid differentiation primary response gene) and
TRIF (Toll/IL‐1 receptor (TIR)‐domain‐containing adaptor inducing
interferon‐β) were incorporated into plasmid DNA as genetic adju-
vants and improved humoral immune responses against plasmid‐
encoded antigen.69 These studies suggest that TLR agonists may act
as DNA vaccine adjuvants. Flagellin, as aTLR5 agonist, activates innate
immune responses. Dermal injection of plasmids encoding flagellin and
influenza A virus nucleoprotein results in both humoral and cellular
immune responses. The flagellin vaccine adjuvant induces antigen‐
specific IgA production and enhances protective immunity to lethal
influenza A virus infection. These findings indicate that expression of
DNA‐encoded TLR agonists can improve the immunogenicity of
DNA vaccines.70FIGURE 5 DNA vaccine. DNA vaccines have been created in complex w
DNA/Flagellin complex, in addition to cellular immunity, stimulates TLR5 in
IRF3.7 complexes and DNA/TRIF and MYD88 complexes stimulate the B
other hand, the DNA/IRF1.7 complexes mainly stimulate the pathway of cFurthermore, IRF1, 3, and 7 are other genetic adjuvants for influ-
enza virus DNA vaccines. IRF1 genetic adjuvant strongly stimulates
humoral immune responses. Conversely, IRF3 induces stronger cellular
immune responses. Meanwhile, IRF7 genetic adjuvant enhances
both humoral and cellular immune responses.71 These findings suggest
that IRF genetic adjuvants can improve both humoral and/or cellular
immune responses. Also, constitutive active forms of IRF3 and IRF7,
as DNA vaccine adjuvants, elicit both humoral and cellular immune
responses against virus infection.72 In addition, studies showed that
DNA binding domain‐lacked IRF1 (ΔIRF1) genetic adjuvant enhanced
cellular immune responses.736 | UNIVERSAL VACCINE
Genes encoding influenza virus hemagglutinin (HA) and neuraminidase
(NA) proteins have the high mutation rate, therefore yearly vaccina-
tion against circulating seasonal influenza virus strains is of great
importance. Running research priorities include the development of a
universal influenza vaccine that could evoke humoral and cellular
responses, be safe, manufactured rapidly in large amounts, and pro-
vides long‐lasting and cross‐strain protection. Moreover, efforts are
being made to design M2e‐based or stalk‐based vaccines, since these
proteins (the type‐2 matrix protein and the stalk domain of HA,
respectively) are entirely well conserved from an evolutionary stand-
point and can elicit immune response against influenza virus.746.1 | M2e‐based vaccine
Universal influenza A vaccines focus on using highly conserved
sequences among influenza virus subtypes in order to provoke
cross‐reacting antibody responses. Major targets consist of
ectodomain of matrix protein 2 and conserved epitopes of some other
influenza proteins.75 Recombinant multimeric M2e proteins can be
incorporated with several adjuvants in order to induce specific
antibodies.76 Vaccines containing M2e antigen coupled with carrier
proteins or adjuvants are able to induce strong cross‐protection
against influenza in mice. Some reports indicate a trend towards Th1
responses after vaccination, leading to induction of cytotoxic lympho-
cytes.77,78 This proton‐selective ion channel protein of influenza virus
is required to stimulate the NLRP3 inflammasome pathway. M2ith different stimulant components that stimulate different pathways.
the innate immunity leading to TNF and NO production. DNA/
lymphocytes differentiation and specific antibody secretion. On the
ellular immunity and differentiate T lymphocytes.
KESHAVARZ ET AL. 7 of 13localization to the trans‐Golgi network is important for NLRP3 activa-
tion.79 Due to lacking its proton selectivity, the mutant influenza virus
M2 protein enables the transport of other cations (Na+ and K+),
which mediates increased IL‐1β secretion compared with the wild‐
type M2 protein.79
An acceptable safety profile has been revealed for these vaccines.
ACAM‐FLU‐A,a M2e_HBc vaccine manufactured by Sanofi Pasteur
was tested in phase I clinical trial and showed no serious side
effects.80 STF2.4xM2e, M2e vaccine with flagellin as an adjuvant,
was reported to be safe, but two high doses of the vaccine were
observed to be associated with raised levels of C‐reactive protein
(CRP).81 Another universal influenza vaccine, Multimeric‐001, was
announced to be safe in phase I/II clinical trial, and no severe AE
was reported.826.2 | Epitope base vaccine
Progression in biotechnology methods has provided the emergence
of new approaches towards rational design of vaccines. One impor-
tant approach is the use of epitopes corresponding to immuno-
genic, conserved sequences of microbial proteins. Focuses on the
minimal component of these microbial pathogens that activates
the lymphocyte in the epitope‐based approach are very important.
Short peptides with 8 to 10 amino acids truly activating T‐cells
and peptides up to 20 amino acids induce B‐cells responses. Such
conserved epitopes are found in M, NP, and even HA protein of
influenza virus.83,84 Moreover, perception of the molecular basis
of antigen recognition and human leukocyte antigen (HLA) binding
motifs has ameliorate selection of peptides predicted to bind to
human class I or class II MHC molecules. The immunological effi-
cacy of peptide‐based vaccines versus infectious diseases is very
important, and it is demonstrated in animal models and clinical
studies. The most important challenges associated with peptide vac-
cines are low immunogenicity and the need for valid and simple
assays to measure the T‐cell responses. On the other hand, the
range of production options is a distinct and notable advantage of
peptide‐based vaccines.85,867 | CYTOTOXIC
T‐LYMPHOCYTE‐ INDUCING VACCINES
Cytotoxic T lymphocytes (CTLs) have the ability to target more con-
served influenza virus proteins. Unlike antibody‐mediated responses,
this response is induced mainly by the internal viral proteins.87-89
CTL responses improve recovery and inhibit disease progression and
clearance of the virus.90 As a problem, CTL vaccines need to have an
epitope that can be recognized by all major histocompatibility complex
(MHC) subclasses. Assarsson et al showed that although epitope
recognition varied across individuals, it is possible to identify epitope
regions that are recognized by all six HLA super‐ types.91 Their
study and a study by Lee et al resulted in identification of highly
conserved epitopes in the M1, NP, and PB1 proteins from more than
17 strains across six different subtypes which are targeted by CD4
and CD8 T cells.92An immunodominant CTL vaccine epitope is likely to reduce
the extent of response in primed vaccinated subjects. Thus, epitope
choice can also alter the outcome of the response, depending on
the binding avidity of the T‐cell antigen receptors (TCRs) with the
MHC peptide.93
For a strong CD8 T‐cell response, the antigen should be proc-
essed via the MHC class I processing pathway of dendritic cells
(DCs). During infection, the viral antigen is loaded onto DCs by direct
entry of the virus or through uptake of infected cells undergoing
apoptosis.94 Hence, CTL responses during vaccination are different.
In other words, LAIV induces a strong CD8 T‐cell response, while
the conventional SU TIV is less effective than the whole‐virus vaccine
at inducing CTLs.90 Thus, taking all of these considerations is needed
in the successful design and execution of a CTL‐based vaccination
approach.8 | INFLUENZA RNA VACCINE
Owing to fewer regulatory tests and being products with invariant
base regardless of the type of pathogen, a large body of evidence
have nominated nucleic acid‐based vaccines as encouraging vaccine
candidates.95
Particularly, a great deal of effort, accompanied by technological
innovation, have enhanced qualification of mRNA, thereby promot-
ing therapeutic potential in the fields of vaccine development.96
The capability of RNA vaccines to trigger strong, protective immune
responses against a wide spectrum of pathogens has led to a large
number of studies focusing on the use of these vaccines against
influenza virus. As recently approved influenza vaccines demon-
strated variable and inadequate protection, a promising efficacy has
been shown for several more recently RNA vaccines types in pre-
clinical models.97
Several features have made mRNA vaccines superior over the
other types of vaccines. First, safety: since mRNA is a non‐infectious
and has a platform which does not integrate into the genome, there
would be no possibility for infection or mutagenesis. Additionally,
the safety of mRNA vaccines is substantially enhanced by down‐
modulation of their immunogenicity. Second, efficacy: the high
stability and translatability of mRNA are a result of a variety of modi-
fications. Rapid and efficient uptake and expression of mRNA are
guaranteed through formulating it into carrier molecules. The charac-
teristic of mRNA as a minimal genetic vector impedes the anti‐vector
immunity, allowing mRNA vaccines to be administered repeatedly.
Third, production: mRNA vaccines are capable of being produced in
a rapid, cheap, and scalable manner, mainly because of the high yields
of in vitro transcription reactions.96 As toxic chemicals are not used in
manufacturing of mRNA, there is no possibility of common risks asso-
ciated with other vaccine platforms.95 However, possible undesired
consequences such as fever can originate from the extreme induction
of type I interferons and proinflammatory cytokines, mediated by
some RNA vaccines. Also, extracellular RNA arisen from vaccine may
result in safety concerns via mediating the formation of pathological
thrombus or edema.97 Despite the good antiviral protection, mRNA
vaccines require a great amount of synthetic mRNA material, probably
8 of 13 KESHAVARZ ET AL.limiting the accessibility of vaccine in cases of epidemics and
pandemics. Owing to the greater length of constructed products,
challenges remained to be addressed in terms of the production pro-
cess and stability of the mRNA products, especially with self‐
amplifying RNA vaccines.95
There are two leading types of RNA that are recently employed as
vaccines: non‐replicating mRNA and virally derived, self‐amplifying
RNA. Containing 5′ and 3′ UTRs, non‐replicating mRNA‐based
vaccines encode the antigen of interest, while self‐amplifying
RNAs encode both the antigen and the viral replication machinery,
allowing the amplification of intracellular RNA and substantial protein
expression.968.1 | Self‐amplifying mRNA vaccines
A majority of recently used self‐amplifying mRNA (SAM) vaccines are
based upon the genome of an alphavirus genome. The full‐length RNA
with an approximate length of 9 kb can be readily yielded by in vitro
transcription (IVT) from a DNA template. Intracellular replication of
RNA which encodes antigen guarantees the highly effective antigen
production from an extremely small dose of self‐amplifying RNA vac-
cine. SAM vaccines are capable of self‐production of adjuvants, inter-
mediates of replication, and the rest of contributory motifs in their
high potency.95
dsRNA is well known as a powerful pathogen‐associated molecu-
lar pattern (PAMP), identified by pattern recognition receptors in
various cellular compartments. Robust type I interferon responses
are driven by Recognition of dsRNA‐contaminated IVT mRNA. In
addition to dsRNA contaminants, exogenously delivered single‐
stranded mRNA molecules are in turn a PAMP. Single‐stranded
oligoribonucleotides and the products of their degradation are recog-
nized by the endosomal sensors Toll‐like receptor 7 (TLR7) and
TLR8, leading to type I interferon production.96 In addition, trivalent
saRNA (small activating RNAs) vaccination could result in anti‐H1N1
and H3N2 IgG responses.97
A number of delivery formulation platforms have been explained
to enhance the RNA vaccination, including PEI‐based delivery
vehicles.95 Furthermore, a validated adjuvant strategy is TriMix,
which is formed by a combination of mRNAs encoding three
immune activator proteins: CD70, CD40 ligand (CD40L), and consti-
tutively active TLR4. TriMix mRNA prolonged the immunogenicity of
naked, unmodified, unpurified mRNA and was especially linked with
increased DC maturation and cytotoxic T lymphocyte (CTL)
responses. Substantial activation of TLR7 (mouse and human) and
TLR898 and yields of type I interferon, pro‐inflammatory cytokines,
and chemokines was demonstrated following intradermal immuniza-
tion with the RNActive vaccines. Unlike the immunization with pro-
tein, several mRNA vaccines foster potent CD8+ T cell responses,
probably through efficient presentation of endogenously produced
antigens on MHC class I molecules, besides strong CD4+ T cell
responses. Additionally, unlike DNA immunization, neutralizing anti-
body responses with much lower doses of mRNA vaccines have
been generated. Consequently, mRNA vaccines have inducedprotective immunity against various infectious agents in preclinical
models.969 | MICRORNA AND EXOSOME‐BASED
VACCINE
MicroRNAs are small non‐coding RNAs which act as epigenetic regu-
lators.99-106 These molecules play critical roles in regulation of gene
expression in the RNA and protein levels.22,107-113 It has been shown
that deregulation of microRNAs is associated with initiation and pro-
gression of various diseases such as infectious diseases, cardiovascular
diseases, diabetes, neurogenerative diseases, and cancer.112,114-134
Exosomes are other particles which have critical roles in the path-
ogenesis of various diseases.122,135-137 Exosomes are nano‐carriers
which carry many cargos such as DNAs, RNAs, microRNAs, LncRNAs,
and proteins. Targeting these cargos to host cells could lead to change
behaviors of cells and contribute to progression of physiological and
pathological processes.138,139
As vaccine preparation through classical temperature‐based
attenuation method was a time‐consuming procedure, the need for
urgent control of influenza outbreaks emerge from mutant viruses,
highlighting the importance of preparing vaccines based on other
mechanisms such as (microRNA) miRNA and exosome technolo-
gies.140 MiRNA‐based strategy for influenza virus attenuation could
act through sequence‐specific gene silencing mechanism or using
miRNA/siRNA to suppress virus replication or infection.
According to previous studies, inserting miRNA response element
(MRE) of viral microRNAs into Influenza virus genome could limit tis-
sue tropism, and incorporating miRNA target site into viral NP or HA
segment resulted to attenuate influenza A virus.99,141,142 Further, in
numerous studies, specific miRNAs have been recruited to demon-
strate which gene targeting segments have maximal potential for
viral attenuations. For example, a recent study on mice models
demonstrated that inserting of miR‐let‐7b target sequence into 2009
pandemic H1N1virus (H1N1) genome successfully produced a recom-
binant virus which was slow to grow and attenuated in mice respira-
tory system.143
Another in vivo study found that incorporating miR‐93 target sites
into H1N1 and H5N1 viruses could result in viral attenuation in
human lines and mouse lungs.141 Similarly, fusing of miR‐192 target
sequence into IAV genome could attenuate influenza pathogenicity
in mice.142 Furthermore, the ability of miRNA‐based attenuation
method to determine virus fitness through introducing various number
and location of target sites is superiority over classical viral attenua-
tion methods.144 Together, these evidences suggested that the engi-
neering flu genome virus containing the target sites of deregulated
miRNAs in a species‐specific manner could be employed as a high‐
throughput strategy which is able to provide a new class of flu IAV
vaccines. Fortunately, at the moment, a MRE design web server is
available in which users could design various number of MRE tools
for Influenza A genome to produce LAVs and help reduce experimen-
tal time and costs.145
Exosomes are two membrane‐enclosed nano‐vesicles that are
actively secreted by a variety of cells into the extracellular space.
KESHAVARZ ET AL. 9 of 13These vesicles exchange information between cells and transfer
biologically active proteins, lipids, and various nucleic acids including
mRNA, miRNA, ribosomal RNA (rRNA), long noncoding RNA
(lncRNA), and variably some DNA.146-149 Through different studies
conducted on distinct techniques such as stem‐loop PCR and
microfluidic microarray, it was found that more than 274 miRNAs were
secreted by different cell types via exosomes.150,151 The secretion of
miRNAs through exosomes in the extracellular fluids guarantees their
half time and keeps them away from degradation by body fluid
enzymes.148,150,151 Based on previous studies, exosome‐mediated
extracellular delivery also exists in viral life cycles. Transition of viral
components including viral mRNA, miRNA, and genomic RNA, as well
as genetic regulatory through exosomes, increased viral persistence,
skipping host immune system and spread to uninfected cells.146 These
findings are promising that an expressional exosomal miRNA could be
used in therapeutic and diagnostic fields. However, exosomes which
are produced naturally in tissues are not filled with a great amount of
proteins or miRNAs; therefore, to prepare more efficient targeted
delivery exosomes, it is crucial to develop an efficient purification
method to enrich specific miRNA in isolated exosome.
In two recent studies,152,153 exosomes were enriched with a
selected miRNA using a modified calcium‐chloride mediated or elec-
troporation. The results show these exosomes as cargo could success-
fully deliver a great deal of miRNA mimic(s) or inhibitor(s) to the target
cells and lead to overexpression or deletion of the designed miRNA in
recipient cells as well as alter cellular function.
These findings suggested that engineered exosomes as natural
vehicles could represent a powerful tool for targeted delivery. Hence,
exosomes could be clinically suitable applications for enhancing
patient condition. Despite these advances, it seems there are still
many challenges ahead, and existing techniques in exosome‐mediated
drug delivery need further development.10 | CONCLUSION
In conclusion, most studies indicate that each type of influenza vac-
cines has particular excellences compared with another. For example,
LAIV and VLP vaccines in addition to induction of antibody responses
are able to stimulate effective cellular immune responses and in this
respect are better than inactivated vaccines. However, newer vaccines
such as VLPs can be more advanced and effective choices for exten-
sive immunization of different populations. Influenza vaccines also
can cause various inevitable adverse effects which for some vaccines
with more severe local and systemic side effects may lead to uncer-
tainty for clinical applications. Up to now among available influenza
vaccines, emerging VLP vaccines seem to have the lowest reported
AEs, although universal utilization of these vaccines needs more
comprehensive clinical surveys. Overall, if advantages can overcome
disadvantages, a vaccine will be suitable for immunization programs.
Future studies can offer more ideal products by assembling the advan-






1. Hannoun C. The evolving history of influenza viruses and influenza
vaccines. Expert Rev Vaccines. 2013;12(9):1085‐1094.
2. Manzoli L, De Vito C, Salanti G, D'Addario M, Villari P, Ioannidis JP.
Meta‐analysis of the immunogenicity and tolerability of pandemic
influenza A 2009 (H1N1) vaccines. PloS One. 2011;6(9):e24384.
3. Yin JK, Khandaker G, Rashid H, Heron L, Ridda I, Booy R. Immunoge-
nicity and safety of pandemic influenza A (H1N1) 2009 vaccine:
systematic review and meta‐analysis. Influenza Other Respi Viruses.
2011;5(5):299‐305.
4. WHO. Vaccines against influenza. WHO position paper—November
2012. Wkly Epidemiol Rec. 2012;87:461‐476.
5. Offit PA, Jew RK. Addressing parents' concerns: do vaccines contain
harmful preservatives, adjuvants, additives, or residuals? Pediatrics.
2003;112:1394‐1397.
6. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosen-
berg SA. Case report of a serious adverse event following the
administration of T cells transduced with a chimeric antigen receptor
recognizing ERBB2. Mol Ther. 2010;18:843‐851.
7. Perdue ML, Arnold F, Li S, et al. The future of cell culture‐based influ-
enza vaccine production. Expert Rev Vaccines. 2011;10:1183‐1194.
8. Skowronski DM, Janjua NZ, De Serres G, et al. Low 2012–13 influ-
enza vaccine effectiveness associated with mutation in the egg‐
adapted H3N2 vaccine strain not antigenic drift in circulating viruses.
PloS One. 2014;9(3):e92153.
9. Cox RJ, Brokstad KA, Zuckerman MA, Wood JM, Haaheim LR, Oxford
JS. An early humoral immune response in peripheral blood following
parenteral inactivated influenza vaccination. Vaccine. 1994;12:
993‐999.
10. Zuckerman M, Cox R, Taylor J, Wood J, Haaheim L, Oxford J. Rapid
immune response to influenza vaccination. The Lancet. 1993;
342(8879):1113.
11. Brokstad KA, Cox RJ, Olofsson J, Jonsson R, Haaheim LR. Parenteral
influenza vaccination induces a rapid systemic and local immune
response. J Infect Dis. 1995;171:198‐203.
12. El‐Madhun AS, Cox RJ, Søreide A, Olofsson J, Haaheim LR. Systemic
and mucosal immune responses in young children and adults after
parenteral influenza vaccination. J Infect Dis. 1998;178:933‐939.
13. El‐Madhun AS, Cox RJ, Haaheim LR. The effect of age and natural
priming on the IgG and IgA subclass responses after parenteral influ-
enza vaccination. J Infect Dis. 1999;180(4):1356‐1360.
14. Nicholson K. Efficacy and effectiveness of influenza vaccines: a sys-
tematic review and meta‐analysis. Lancet Infect Dis.
2012;12(1):36‐44.
15. Brokstad KA, Cox RJ, Major D, Wood JM, Haaheim LR. Cross‐
reaction but no avidity change of the serum antibody response
after influenza vaccination. Vaccine. 1995;13:1522‐1528.
16. Stoel M, Pool J, de Vries‐Idema J, et al. Innate responses induced by
whole inactivated virus or subunit influenza vaccines in cultured den-
dritic cells correlate with immune responses in vivo. PloS One.
2015;10(5):e0125228.
17. Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. Innate anti-
viral responses by means of TLR7‐mediated recognition of single‐
stranded RNA. Science. 2004;303(5663):1529‐1531.
18. Jeisy‐Scott V, Kim JH, Davis WG, Cao W, Katz JM, Sambhara S. TLR7
recognition is dispensable for influenza virus A infection but impor-
tant for the induction of hemagglutinin‐specific antibodies in
response to the 2009 pandemic split vaccine in mice. J Virol.
2012;86:10988‐10998.
10 of 13 KESHAVARZ ET AL.19. Koyama S, Ishii KJ, Kumar H, et al. Differential role of TLR‐and RLR‐
signaling in the immune responses to influenza A virus infection and
vaccination. J Immunol. 2007;179(7):4711‐4720.
20. Koyama S, Aoshi T, Tanimoto T, et al. Plasmacytoid dendritic cells
delineate immunogenicity of influenza vaccine subtypes. Sci Transl
Med. 2010;2:25ra24‐25ra24.
21. Nakaya HI, Wrammert J, Lee EK, et al. Systems biology of vaccination
for seasonal influenza in humans. Nat Immunol. 2011;12:786‐795.
22. Jamali L, Tofigh R, Tutunchi S, et al. Circulating microRNAs as diag-
nostic and therapeutic biomarkers in gastric and esophageal cancers.
J Cell Physiol. 2018. https://doi.org/10.1002/jcp.26850
23. Donelan NR, Basler CF, García‐Sastre A. A recombinant influenza A
virus expressing an RNA‐binding‐defective NS1 protein induces high
levels of beta interferon and is attenuated in mice. J Virol.
2003;77:13257‐13266.
24. García‐Sastre A, Egorov A, Matassov D, et al. Influenza A virus lacking
the NS1 gene replicates in interferon‐deficient systems. Virology.
1998;252:324‐330.
25. Wang X, Li M, Zheng H, et al. Influenza A virus NS1 protein prevents
activation of NF‐κB and induction of alpha/beta interferon. J Virol.
2000;74(24):11566‐11573.
26. Xie H, Liu TM, Lu X, et al. A live attenuated H1N1 M1 mutant pro-
vides broad cross‐protection against influenza a viruses, including
highly pathogenic A/Vietnam/1203/2004, in mice. J Infect Dis.
2009;200:1874‐1883.
27. King JC Jr, Lagos R, Bernstein DI, et al. Safety and immunogenicity of
low and high doses of trivalent live cold‐adapted influenza vaccine
administered intranasally as drops or spray to healthy children. J Infect
Dis. 1998;177(5):1394‐1397.
28. Clements M, Murphy BR. Development and persistence of local and
systemic antibody responses in adults given live attenuated or
inactivated influenza A virus vaccine. J Clin Microbiol. 1986;23:66‐72.
29. Piedra PA, Yan L, Kotloff K, et al. Safety of the trivalent, cold‐adapted
influenza vaccine in preschool‐aged children. Pediatrics. 2002;
110:662‐672.
30. Diebold SS. Recognition of viral single‐stranded RNA by Toll‐like
receptors. Adv Drug Deliv Rev. 2008;60:813‐823.
31. Hoseini Z, Sepahvand F, Rashidi B, Sahebkar A, Masoudifar A, Mirzaei
H. NLRP3 inflammasome: its regulation and involvement in athero-
sclerosis. J Cell Physiol. 2018;233:2116‐2132. https://doi.org/
10.1002/jcp.25930
32. Allen IC, Scull MA, Moore CB, et al. The NLRP3 inflammasome medi-
ates in vivo innate immunity to influenza A virus through recognition
of viral RNA. Immunity. 2009;30:556‐565.
33. Ichinohe T, Lee HK, Ogura Y, Flavell R, Iwasaki A. Inflammasome rec-
ognition of influenza virus is essential for adaptive immune responses.
J Exp Med. 2009;206:79‐87.
34. Kanneganti T‐D, Body‐Malapel M, Amer A, et al. Critical role for
Cryopyrin/Nalp3 in activation of caspase‐1 in response to viral infec-
tion and double‐stranded RNA. J Biol Chem. 2006;281:36560‐36568.
35. Thomas PG, Dash P, Aldridge JR, et al. The intracellular sensor NLRP3
mediates key innate and healing responses to influenza A virus via the
regulation of caspase‐1. Immunity. 2009;30:566‐575.
36. Tennis P, Toback SL, Andrews EB, McQuay LJ, Ambrose CS. A US
postmarketing evaluation of the frequency and safety of live attenu-
ated influenza vaccine use in nonrecommended children younger
than 5 years: 2009–2010 season. Vaccine. 2012;30:6099‐6102.
37. Sarntivijai S, Xiang Z, Shedden KA, et al. Ontology‐based combinato-
rial comparative analysis of adverse events associated with killed and
live influenza vaccines. PloS One. 2012;7(11):e49941.
38. Toback SL, Ambrose CS, Eaton A, et al. A postlicensure evaluation of
the safety of Ann Arbor strain live attenuated influenza vaccine in
children 24–59 months of age. Vaccine. 2013;31:1812‐1818.39. Felberbaum RS. The baculovirus expression vector system: a commer-
cial manufacturing platform for viral vaccines and gene therapy
vectors. Biotechnol J. 2015;10(5):702‐714.
40. Soema PC, Kompier R, Amorij J‐P, Kersten GF. Current and next gen-
eration influenza vaccines: formulation and production strategies. Eur
J Pharm Biopharm. 2015;94:251‐263.
41. Zheng M, Luo J, Chen Z. Development of universal influenza vaccines
based on influenza virus M and NP genes. Infection. 2014;
42(2):251‐262.
42. Huleatt JW, Nakaar V, Desai P, et al. Potent immunogenicity and effi-
cacy of a universal influenza vaccine candidate comprising a
recombinant fusion protein linking influenza M2e to the TLR5 ligand
flagellin. Vaccine. 2008;26(2):201‐214.
43. Talaat KR, Karron RA, Liang PH, et al. An open‐label phase I trial of a
live attenuated H2N2 influenza virus vaccine in healthy adults. Influ-
enza Other Respi Viruses. 2013;7:66‐73.
44. Morón G, Rueda P, Casal I, Leclerc C. CD8α2 CD11b+ dendritic cells
present exogenous virus‐like particles to CD8+ T cells and subse-
quently express CD8α and CD205 molecules. J Exp Med. 2002;
195:1233‐1245.
45. Aricò E, Wang E, Marincola FM, et al. Immature monocyte derived
dendritic cells gene expression profile in response to virus‐like parti-
cles stimulation. J Transl Med. 2005;3:45.
46. Morón VG, Rueda P, Sedlik C, Leclerc C. In vivo, dendritic cells can
cross‐present virus‐like particles using an endosome‐to‐cytosol path-
way. J Immunol. 2003;171:2242‐2250.
47. Song H, Wittman V, Byers A, et al. In vitro stimulation of human
influenza‐specific CD8+ T cells by dendritic cells pulsed with an influ-
enza virus‐like particle (VLP) vaccine. Vaccine. 2010;28(34):
5524‐5532.
48. Sailaja G, Skountzou I, Quan F‐S, Compans RW, Kang S‐M. Human
immunodeficiency virus‐like particles activate multiple types of
immune cells. Virology. 2007;362:331‐341.
49. Rezaei F, Mirshafiey A, Shahmahmoodi S, Shoja Z, Ghavami N,
Mokhtari‐Azad T. Influenza virus‐like particle containing two different
subtypes of hemagglutinin confers protection in mice against lethal
challenge with a/PR8 (H1N1) and a/HK (H3N2) viruses. Iran Red Cres-
cent Med J. 2013;15:75‐82. https://doi.org/10.5812/ircmj.6252
50. Roy P, Noad R. Virus‐like particles as a vaccine delivery system: myths
and facts. Hum Vaccin. 2008;4:5‐12.
51. Nadmdari H, Keshavarz M, Mokhtari‐Azad T, Rezaei F. Evaluation of
antibody and cytokines responses in intranasally and intramuscularly
administrated BALB/C mice with influenza virus‐like particle 2017
Acta Med Iran. 2017;55(10):604‐611.
52. Steel J, Lowen AC, Wang TT, et al. Influenza virus vaccine based
on the conserved hemagglutinin stalk domain. MBio. 2010;1:
e00018‐e00010.
53. Johansson BE, Moran TM, Kilbourne ED. Antigen‐presenting B cells
and helper T cells cooperatively mediate intravirionic antigenic com-
petition between influenza A virus surface glycoproteins. Proc Natl
Acad Sci. 1987;84(19):6869‐6873.
54. Johansson B, Kilbourne E. Dissociation of influenza virus hemaggluti-
nin and neuraminidase eliminates their intravirionic antigenic
competition. J Virol. 1993;67(10):5721‐5723.
55. Skountzou I, Quan F‐S, Gangadhara S, et al. Incorporation of
glycosylphosphatidylinositol‐anchored granulocyte‐macrophage
colony‐stimulating factor or CD40 ligand enhances immunogenicity
of chimeric simian immunodeficiency virus‐like particles. J Virol.
2007;81:1083‐1094.
56. Wang B‐Z, Liu W, Kang S‐M, et al. Incorporation of high levels of chi-
meric human immunodeficiency virus envelope glycoproteins into
virus‐like particles. J Virol. 2007;81:10869‐10878.
57. Wang B‐Z, Quan F‐S, Kang S‐M, Bozja J, Skountzou I, Compans RW.
Incorporation of membrane‐anchored flagellin into influenza virus‐
KESHAVARZ ET AL. 11 of 13like particles enhances the breadth of immune responses. J Virol.
2008;82:11813‐11823.
58. Vassilieva EV, Wang B‐Z, Vzorov AN, et al. Enhanced mucosal
immune responses to HIV virus‐like particles containing a
membrane‐anchored adjuvant. MBio. 2011;2:e00328‐e00310.
59. López‐Macías C, Ferat‐Osorio E, Tenorio‐Calvo A, et al. Safety and
immunogenicity of a virus‐like particle pandemic influenza A (H1N1)
2009 vaccine in a blinded, randomized, placebo‐controlled trial of
adults in Mexico. Vaccine. 2011;29(44):7826‐7834.
60. Fries LF, Smith GE, Glenn GM. A recombinant viruslike particle influ-
enza A (H7N9) vaccine. N Engl J Med. 2013;369:2564‐2566.
61. Low JG, Lee LS, Ooi EE, et al. Safety and immunogenicity of a virus‐
like particle pandemic influenza A (H1N1) 2009 vaccine: results from
a double‐blinded, randomized phase I clinical trial in healthy Asian vol-
unteers. Vaccine. 2014;32(39):5041‐5048.
62. Loudon PT, Yager EJ, Lynch DT, et al. GM‐CSF increases mucosal and
systemic immunogenicity of an H1N1 influenza DNA vaccine admin-
istered into the epidermis of non‐human primates. PloS One. 2010;5:
e11021.
63. Alexander J, Bilsel P, del Guercio M‐F, et al. Universal influenza DNA
vaccine encoding conserved CD4+ T cell epitopes protects against
lethal viral challenge in HLA‐DR transgenic mice. Vaccine. 2010;
28:664‐672.
64. Chen M‐W, Cheng T‐JR, Huang Y, et al. A consensus–hemagglutinin‐
based DNA vaccine that protects mice against divergent H5N1 influ-
enza viruses. Proc Natl Acad Sci. 2008;105:13538‐13543.
65. Liu MA, Ulmer JB. Human clinical trials of plasmid DNA vaccines. Adv
Genet. 2005;55:25‐40.
66. Pandey A, Singh N, Mittal SK. Egg‐independent vaccine strategies for
highly pathogenic H5N1 influenza viruses. Hum Vaccin. 2010;
6:178‐188.
67. Davies LA, McLachlan G, Sumner‐Jones SG, et al. Enhanced lung gene
expression after aerosol delivery of concentrated pDNA/PEI com-
plexes. Mol Ther. 2008;16:1283‐1290.
68. Densmore CL, Orson FM, Xu B, et al. Aerosol delivery of robust
polyethyleneimine–DNA complexes for gene therapy and genetic
immunization. Mol Ther. 2000;1(2):180‐188.
69. Takeshita F, TanakaT, MatsudaT, et al. Toll‐like receptor adaptor mol-
ecules enhance DNA‐raised adaptive immune responses against
influenza and tumors through activation of innate immunity. J Virol.
2006;80(13):6218‐6224.
70. Applequist SE, Rollman E, Wareing MD, et al. Activation of
innate immunity, inflammation, and potentiation of DNA vaccina-
tion through mammalian expression of the TLR5 agonist flagellin.
J Immunol. 2005;175:3882‐3891.
71. Sasaki S, Amara RR, YeowW‐S, Pitha PM, Robinson HL. Regulation of
DNA‐raised immune responses by cotransfected interferon regula-
tory factors. J Virol. 2002;76(13):6652‐6659.
72. Bramson JL, Dayball K, Hall JR, et al. Super‐activated interferon‐
regulatory factors can enhance plasmid immunization. Vaccine.
2003;21:1363‐1370.
73. Castaldello A, Sgarbanti M, Marsili G, et al. Interferon regulatory
factor‐1 acts as a powerful adjuvant in tat DNA based vaccination.
J Cell Physiol. 2010;224(3):702‐709.
74. Gerhard W, Mozdzanowska K, Zharikova D. Prospects for universal
influenza virus vaccine. Emerg Infect Dis. 2006;12:569.
75. Lee Y‐T, Kim K‐H, Ko E‐J, et al. New vaccines against influenza virus.
Clin Exp Vaccine Res. 2014;3(1):12‐28.
76. Shim B‐S, Choi YK, Yun C‐H, et al. Sublingual immunization with M2‐
based vaccine induces broad protective immunity against influenza.
PloS One. 2011;6(11):e27953.
77. Denis J, Acosta‐Ramirez E, Zhao Y, et al. Development of a universal
influenza A vaccine based on the M2e peptide fused to the papaya
mosaic virus (PapMV) vaccine platform. Vaccine. 2008;26:3395‐3403.78. Petukhova NV, Gasanova TV, Stepanova LA, et al. Immunogenicity
and protective efficacy of candidate universal influenza A
nanovaccines produced in plants by tobacco mosaic virus‐based vec-
tors. Curr Pharm Des. 2013;19:5587‐5600.
79. Ichinohe T, Pang IK, Iwasaki A. Influenza virus activates
inflammasomes via its intracellular M2 ion channel. Nat Immunol.
2010;11:404‐410.
80. Fiers W, De Filette M, El Bakkouri K, et al. M2e‐based universal influ-
enza A vaccine. Vaccine. 2009;27:6280‐6283.
81. Turley CB, Rupp RE, Johnson C, et al. Safety and immunogenicity of a
recombinant M2e–flagellin influenza vaccine (STF2. 4xM2e) in
healthy adults. Vaccine. 2011;29:5145‐5152.
82. Atsmon J, Kate‐Ilovitz E, Shaikevich D, et al. Safety and immunogenic-
ity of multimeric‐001—a novel universal influenza vaccine. J Clin
Immunol. 2012;32(3):595‐603.
83. Adar Y, Singer Y, Levi R, et al. A universal epitope‐based influenza
vaccine and its efficacy against H5N1. Vaccine. 2009;27:2099‐2107.
84. Li F, Malhotra U, Gilbert PB, et al. Peptide selection for human immu-
nodeficiency virus type 1 CTL‐based vaccine evaluation. Vaccine.
2006;24(47‐48):6893‐6904.
85. Ben‐YedidiaT, Arnon R. Towards an epitope‐based human vaccine for
influenza. Hum Vaccin. 2005;1(3):95‐101.
86. Ben‐Yedidia T, Arnon R. Epitope‐based vaccine against influenza.
Expert Rev Vaccines. 2007;6:939‐948.
87. Kees U, Krammer PH. Most influenza A virus‐specific memory cyto-
toxic T lymphocytes react with antigenic epitopes associated with
internal virus determinants. J Exp Med. 1984;159(2):365‐377.
88. Braciale T. Immunologic recognition of influenza virus‐infected cells: I.
Generation of a virus‐strain specific and a cross‐reactive subpopula-
tion of cytotoxic T cells in the response to type A influenza viruses
of different subtypes. Cell Immunol. 1977;33:423‐436.
89. BracialeT. Immunologic recognition of influenza virus‐infected cells. II
Expression of influenza A matrix protein on the infected cell surface
and its role in recognition by cross‐reactive cytotoxic T cells. J Exp
Med. 1977;146:673‐689.
90. McMichael AJ, Gotch FM, Noble GR, Beare PA. Cytotoxic T‐cell
immunity to influenza. N Engl J Med. 1983;309:13‐17.
91. Assarsson E, Bui H‐H, Sidney J, et al. Immunomic analysis of the rep-
ertoire of T‐cell specificities for influenza A virus in humans. J Virol.
2008;82(24):12241‐12251.
92. Lee LY‐H, Do Lien Anh Ha CS, de Jong MD, et al. Memory T cells
established by seasonal human influenza A infection cross‐react with
avian influenza A (H5N1) in healthy individuals. J Clin Invest.
2008;118:3478.
93. La Gruta NL, Turner SJ, Doherty PC. Hierarchies in cytokine expres-
sion profiles for acute and resolving influenza virus‐specific CD8+ T
cell responses: correlation of cytokine profile and TCR avidity.
J Immunol. 2004;172:5553‐5560.
94. Chen W, Masterman KA, Basta S, et al. Cross‐priming of CD8+ T cells
by viral and tumor antigens is a robust phenomenon. Eur J Immunol.
2004;34(1):194‐199.
95. Vogel AB, Lambert L, Kinnear E, et al. Self‐amplifying RNA vaccines
give equivalent protection against influenza to mRNA vaccines but
at much lower doses. Mol Ther. 2018;26(2):446‐455. https://doi.
org/10.1016/j.ymthe.2017.11.017
96. Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines—a new
era in vaccinology. Nat Rev Drug Discov. 2018;17(4):261‐279. https://
doi.org/10.1038/nrd.2017.243
97. Scorza FB, Pardi N. New kids on the block: RNA‐based influenza virus
vaccines. Vaccines (Basel). 2018;6(2). https://doi.org/10.3390/
vaccines6020020
98. Fagone P, Shedlock D, Bao H, et al. Molecular adjuvant HMGB1
enhances anti‐influenza immunity during DNA vaccination. Gene Ther.
2011;18:1070‐1077.
12 of 13 KESHAVARZ ET AL.99. Keshavarz M, Dianat‐Moghadam H, Sofiani VH, et al. miRNA‐based
strategy for modulation of influenza A virus infection. Epigenomics.
2018;10:829‐844. https://doi.org/10.2217/epi‐2017‐0170
100. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene
lin‐4 encodes small RNAs with antisense complementarity to lin‐14.
Cell. 1993;75:843‐854.
101. Tavakolizadeh J, Roshanaei K, Salmaninejad A, et al. MicroRNAs and
exosomes in depression: potential diagnostic biomarkers. J Cell
Biochem. 2017;13:26599.
102. Jafari SH, Saadatpour Z, Salmaninejad A, et al. Breast cancer diagno-
sis: imaging techniques and biochemical markers. J Cell Physiol.
2017;8:26379.
103. Golabchi K, Soleimani‐Jelodar R, Aghadoost N, et al. MicroRNAs
in retinoblastoma: potential diagnostic and therapeutic biomarkers.
J Cell Physiol. 2017;28:26070.
104. Mirzaei H, Yazdi F, Salehi R, Mirzaei HR. SiRNA and epigenetic aber-
rations in ovarian cancer. J Cancer Res Ther. 2016;12(2):498‐508.
105. Salarinia R, Sahebkar A, Peyvandi M, et al. Epi‐drugs and epi‐miRs:
moving beyond current cancer therapies. Curr Cancer Drug Targets.
2016;16(9):773‐788.
106. Noruzi S, Azizian M, Mohammadi R, et al. Micro‐RNAs as critical reg-
ulators of matrix metalloproteinases in cancer. J Cell Biochem. 2018.
https://doi.org/10.1002/jcb.27182
107. Iorio MV, Croce CM. MicroRNA dysregulation in cancer: diagnostics,
monitoring and therapeutics. A comprehensive review. EMBO Mol
Med. 2012;4(3):143‐159. https://doi.org/10.1002/emmm.201100209
108. Ebrahimi S, Hosseini M, Ghasemi F, et al. Circulating microRNAs as
potential diagnostic, prognostic and therapeutic targets in pancreatic
cancer. Curr Pharm Des. 2016;22(42):6444‐6450.
109. Banikazemi Z, Haji HA, Mohammadi M, et al. Diet and cancer preven-
tion: dietary compounds, Dietary MicroRNAs and Dietary Exosomes.
J Cell Biochem. 2017;28:26244.
110. Fathullahzadeh S, Mirzaei H, Honardoost MA, Sahebkar A, Salehi M.
Circulating microRNA‐192 as a diagnostic biomarker in human
chronic lymphocytic leukemia. Cancer Gene Ther. 2016;23(10):
327‐332. https://doi.org/10.1038/cgt.2016.34
111. Gholamin S, Mirzaei H, Razavi SM, et al. GD2‐targeted immunother-
apy and potential value of circulating microRNAs in neuroblastoma.
J Cell Physiol. 2017;1:25793.
112. Mirzaei H, Khataminfar S, Mohammadparast S, et al. Circulating
microRNAs as potential diagnostic biomarkers and therapeutic tar-
gets in gastric cancer: current status and future perspectives. Curr
Med Chem. 2016;23(36):4135‐4150.
113. Simonian M, Mosallayi M, Mirzaei H. Circulating miR‐21 as novel
biomarker in gastric cancer: diagnostic and prognostic biomarker.
J Cancer Res Ther. 2018;14:475. https://doi.org/10.4103/0973‐
1482.175428
114. Keshavarzi M, Darijani M, Momeni F, et al. Molecular imaging and
oral cancer diagnosis and therapy. J Cell Biochem. 2017;118:
3055‐3060.
115. Keshavarzi M, Sorayayi S, Jafar Rezaei M, et al. MicroRNAs‐based
imaging techniques in cancer diagnosis and therapy. J Cell Biochem.
2017;29:26012.
116. Khanmohammadi R, Mir F, Baniebrahimi G, Mirzaei H. Oral tumors in
children: diagnosis and management. J Cell Biochem. 2017;3:26316.
117. Masoudi MS, Mehrabian E, Mirzaei H. MiR‐21: a key player in glio-
blastoma pathogenesis. J Cell Biochem. 2017;20:26300.
118. Mirzaei H. Stroke in women: risk factors and clinical biomarkers. J Cell
Biochem. 2017;12:26130.
119. Mirzaei H, Fathullahzadeh S, Khanmohammadi R, et al. State of the
art in microRNA as diagnostic and therapeutic biomarkers in chronic
lymphocytic leukemia. J Cell Physiol. 2017;13:25799.
120. Mohammadi M, Goodarzi M, Jaafari MR, Mirzaei HR, Mirzaei H. Cir-
culating microRNA: a new candidate for diagnostic biomarker inneuroblastoma. Cancer Gene Ther. 2016;23:371‐372. https://doi.
org/10.1038/cgt.2016.45
121. Moridikia A, Mirzaei H, Sahebkar A, Salimian J. MicroRNAs: potential
candidates for diagnosis and treatment of colorectal cancer. J Cell
Physiol. 2017;16:25801.
122. Saadatpour L, Fadaee E, Fadaei S, et al. Glioblastoma: exosome and
microRNA as novel diagnosis biomarkers. Cancer Gene Ther.
2016;23(12):415‐418. https://doi.org/10.1038/cgt.2016.48
123. Saeedi Borujeni MJ, Esfandiary E, Taheripak G, Codoner‐Franch P,
Alonso‐Iglesias E, Mirzaei H. Molecular aspects of diabetes mellitus:
resistin, microRNA, and exosome. J Cell Biochem. 2017;8:26271.
124. Niepmann M. Activation of hepatitis C virus translation by a liver‐
specific microRNA. Cell Cycle. 2009;8:1473‐1477.
125. Hoseini Z, Sepahvand F, Rashidi B, Sahebkar A, Masoudifar A, Mirzaei
H. NLRP3 inflammasome: its regulation and involvement in athero-
sclerosis. J Cell Physiol. 2017;27:25930.
126. Mashreghi M, Azarpara H, Bazaz MR, et al. Angiogenesis biomarkers
and their targeting ligands as potential targets for tumor angiogene-
sis. J Cell Physiol. 2017;13:26049.
127. Mirzaei H, Ferns GA, Avan A, Mobarhan MG. Cytokines and
MicroRNA in coronary artery disease. Adv Clin Chem. 2017;82:47‐70.
128. Mirzaei H, Gholamin S, Shahidsales S, et al. MicroRNAs as potential
diagnostic and prognostic biomarkers in melanoma. Eur J Cancer.
2016;53:25‐32. https://doi.org/10.1016/j.ejca.2015.10.009
129. Mirzaei H, Masoudifar A, Sahebkar A, et al. MicroRNA: a novel target
of curcumin in cancer therapy. J Cell Physiol. 2017;15:26055.
130. Mirzaei H, Momeni F, Saadatpour L, et al. MicroRNA: relevance to
stroke diagnosis, prognosis, and therapy. J Cell Physiol. 2018;
233:856‐865.
131. Mirzaei HR, Sahebkar A, Mohammadi M, et al. Circulating microRNAs
in hepatocellular carcinoma: potential diagnostic and prognostic bio-
markers. Curr Pharm Des. 2016;22(34):5257‐5269.
132. Rabieian R, Boshtam M, Zareei M, Kouhpayeh S, Masoudifar A,
Mirzaei H. Plasminogen activator inhibitor Type‐1 as a regulator of
fibrosis. J Cell Biochem. 2017;18:26146.
133. Rashidi B, Hoseini Z, Sahebkar A, Mirzaei H. Anti‐atherosclerotic
effects of vitamins D and E in suppression of atherogenesis. J Cell
Physiol. 2017;232:2968‐2976.
134. Rashidi B, Malekzadeh M, Goodarzi M, Masoudifar A, Mirzaei H.
Green tea and its anti‐angiogenesis effects. Biomed Pharmacother.
2017;89:949‐956.
135. Iranifar E, Seresht BM, Momeni F, et al. Exosomes and microRNAs:
new potential therapeutic candidates in Alzheimer disease therapy.
J Cell Physiol. 2018. https://doi.org/10.1002/jcp.27214
136. Salimian J, Mirzaei H, Moridikia A, Harchegani AB, Sahebkar A, Salehi
H. Chronic obstructive pulmonary disease: microRNAs and exosomes
as new diagnostic and therapeutic biomarkers. J Res Med Sci.
2018;23:27. https://doi.org/10.4103/jrms. JRMS_1054_17
137. Tavakolizadeh J, Roshanaei K, Salmaninejad A, et al. MicroRNAs
and exosomes in depression: potential diagnostic biomarkers. J
Cell Biochem. 2018;119(5):3783‐3797. https://doi.org/10.1002/
jcb.26599
138. Mirzaei H, Sahebkar A, Jaafari MR, Goodarzi M, Mirzaei HR. Diagnos-
tic and therapeutic potential of exosomes in cancer: the beginning of
a new tale? J Cell Physiol. 2017;232:3251‐3260. https://doi.org/
10.1002/jcp.25739
139. Perez‐Gonzalez R, Gauthier SA, Kumar A, Levy E. The exosome
secretory pathway transports amyloid precursor protein carboxyl‐
terminal fragments from the cell into the brain extracellular space.
J Biol Chem. 2012;287(51):43108‐43115. https://doi.org/10.1074/
jbc. M112.404467
140. Feng C, Tan M, Sun W, Shi Y, Xing Z. Attenuation of the influenza
virus by microRNA response element in vivo and protective efficacy
against 2009 pandemic H1N1 virus in mice. Int J Infect Dis.
2015;38:146‐152.
KESHAVARZ ET AL. 13 of 13141. Perez JT, Pham AM, Lorini MH, Chua MA, Steel J. MicroRNA‐medi-
ated species‐specific attenuation of influenza a virus. Nat Biotechnol.
2009;27:572.
142. Langlois RA, Albrecht RA, Kimble B, et al. MicroRNA‐based strategy
to mitigate the risk of gain‐of‐function influenza studies. Nat
Biotechnol. 2013;31(9):844‐847.
143. Neuzil KM, Ortiz JR. Influenza vaccines and vaccination strategies. In:
The Vaccine Book. Second ed. Elsevier; 2016:423‐444.
144. Fiege JK, Langlois RA. Investigating influenza A virus infection: tools
to track infection and limit tropism. J Virol. 2015;89:6167‐6170.
145. Wichadakul D, Mhuantong W, Jongkaewwattana A, Ingsriswang S. A
computational tool for the design of live attenuated virus vaccine
based on microRNA‐mediated gene silencing. In BMC genomics. Vol-
ume 13. BioMed Central, 2012; S15.
146. Chahar HS, Bao X, Casola A. Exosomes and their role in the life cycle
and pathogenesis of RNA viruses. Viruses. 2015;7:3204‐3225.
147. Alenquer M, Amorim MJ. Exosome biogenesis, regulation, and func-
tion in viral infection. Viruses. 2015;7(9):5066‐5083.
148. Cheng L, Sharples RA, Scicluna BJ, Hill AF. Exosomes provide a pro-
tective and enriched source of miRNA for biomarker profiling
compared to intracellular and cell‐free blood. J Extracell Vesicles.
2014;3:23743.149. Salido‐Guadarrama I, Romero‐Cordoba S, Peralta‐Zaragoza O,
Hidalgo‐Miranda A, Rodríguez‐Dorantes M. MicroRNAs transported
by exosomes in body fluids as mediators of intercellular communica-
tion in cancer. Onco Targets Ther. 2014;7:1327.
150. Tambyah PA, Sepramaniam S, Ali JM, et al. microRNAs in circulation
are altered in response to influenza A virus infection in humans. PloS
One. 2013;8:e76811.
151. Loveday E‐K, Svinti V, Diederich S, Pasick J, Jean F. Temporal‐and
strain‐specific host microRNA molecular signatures associated with
swine‐origin H1N1 and avian‐origin H7N7 influenza A virus infection.
J Virol. 2012;86(11):6109‐6122.
152. Zhang D, Lee H, Zhu Z, Minhas JK, Jin Y. Enrichment of selective
miRNAs in exosomes and delivery of exosomal miRNAs in vitro and
in vivo. Am J Physiol Lung Cell Mol Physiol. 2016;312:L110‐L121.
153. Alvarez‐Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery
of siRNA to the mouse brain by systemic injection of targeted
exosomes. Nat Biotechnol. 2011;29:341.
How to cite this article: Keshavarz M, Mirzaei H, Salemi M,
et al. Influenza vaccine: Where are we and where do we go?.
Rev Med Virol. 2019;29:e2014. https://doi.org/10.1002/rmv.2014
